A B STRA CT There are many examples of two penicillins acting synergistically, usually by one competitively inhibiting 8-lactamase, thus protecting the other from inactivation. There are few reports on penicillins antagonizing each other. Eight strains of three genera (Proteus, Escherichia, Pseudomonas) isolated at Boston City Hospital or Institut Pasteur, Paris, showed antagonism of carbenicillin or ampicillin by cephaloridine, cloxacillin, or 6-aminopenicillanic acid. Broth dilution tests showed that with seven of the eight strains the minimum inhibiting concentration (MIC) of the more active antibiotic was increased by 800-6,400% by low concentrations (often one-tenth the MIC) of the antagonist, whereas higher concentrations of "antagonist" were not as antagonistic. This suggested that two or more receptor sites of action for penicillins were present; the antagonist thus blocks the antibacterial action at the more sensitive site but acts additively with the antagonized antibiotic at the less sensitive site. The possibility that the mechanism of antagonism was induction of inactivating enzymes (,8-lactamase, penicillin acylase) was studied in two strains(one Escherichia coli and one Proteus rettgeri), and two antagonists were studied in detail. With E. coli cephaloridine was a poorer inducer of P-lactamase than were the antagonized antibiotic and 6-aminopenicillanic acid. From these orga-
INTRODUCTION
The antibacterial activity of penicillins and cephalosporins is due to their inhibition of normal cell wall formation (1, 2) . When more than one penicillin is present in a solution or medium with bacteria, there is fairly clear evidence that they compete with each other for binding by the bacteria (3) . The tacit assumption is that once a penicillin gets on its binding site its action is the same as any other penicillin; differences in the minimum inhibiting concentration (MIC)' of one penicillin compared with another appear to correlate rather well with differences in their affinities for a critical binding site (3) .
A number of authors have reported that a synergistic antibacterial effect may result when two penicillins or a penicillin and a cephalosporin are used in combination against certain gram-negative bacilli(4-7). The mechanism for this synergistic effect was shown to be a competitive inhibition of a 8-lactamase (penicillinase, E.C. 5.1.2.6) by one of the penicillins, which protected the second penicillin from inactivation by hydrolysis and thus permitted it to exert its antibacterial effect (4, 8) . The less active antibiotic of the synergistic pair is usually highly resistant to the 8-lactamase for which it has a markedly greater affinity (9) .
In the course of testing various antibiotic pairs against many gram-negative bacilli for possible synergy, it was independently noted in Boston (by Sabath) show synergy but that there was striking antagonism. It is the purpose of this report to describe the phenomenon and to describe studies conducted to elucidate the possible mechanism of antagonism. (9) (10) (11) ; and (b) filter paper strips or disks to which single antibiotics had been added were placed near other strips or disks containing a second antibiotic on the surface of heart infusion agar seeded with the organism to be tested; after 18-20 h at 370C zones of inhibition developed around some of the strips or disks, but the shape of these zones was distorted and reduced in size if the antibacterial activity was antagonized by the substance diffusing from the neighboring strip or disks.
METHODS
Inactivation of antibiotic and 8-lactamase assays. The inactivation of carbenicillin by whole cells in liquid was determined by assaying at various times of incubation the antibiotic in Millipore (0.3 Aum pore size) (Millipore Corp., Bedford, Mass.) filtrates with an agar diffusion method (12) in which the assay organism was P. aeruginosa NCTC 10490. Qualitative tests for 8-lactamase activity were performed by the Haight-Finland (13) modification of Gots test (14) . Quantitative measurements of p-lactamase activity were performed manometrically (15, 16) Clinical Research, Indianapolis, Ind.). The brain heart infusion broth, trypticase soy broth, and heart infusion agar were all purchased from Difco Laboratories (Detroit, Mich.). Chemicals were all reagent grade purchased from commercial suppliers. Protein determination. The protein content in 8-lactamase preparations was determined by the method of Lowry, Rosebrough, Farr, and Randall (17) .
RESULTS
The MIC of various antibiotics alone and in combination for the study organisms are shown in Table I . Note that only some of the combinations produced antagonism, and each of these instances is marked by an asterisk. There were striking examples of antagonism for seven of the eight organisms, with carbenicillin being antagonized by 6-aminopenicillanic acid and sometimes by cephaloridine.
The details of three of these examples are presented as isobolograms in Figs. 1-3 (100 jug/ml in paper strip on left) is antagonized by 6-aminopenicillanic acid (at 50 ,ug/ml diffusing from strip on right), which by itself causes no zone of inhibition. (c) P. aeruginosa I on surface of agar plate; inhibitory activity of carbenicillin (100 ,g/ml in paper strip at bottom) is antagonized by 6-aminopenicillanic acid (1,000 Ag/ml in paper strip, upper right), which is causing only slight inhibition by itself. (d) E. coli on surface of agar plate; the antibacterial effect of carbenicillin (center disk containing 100 ,ug) is antagonized by cephalothin (CF, bottom disk with 30 pug) and by 6-aminopenicillanic acid (top disk [no letters] 500 jug), but not by oxacillin (disk on left, 500 pug). Antagonism of carbenicillin by cephaloridine and by 6-aminopenicillanic acid is shown in Fig. 4 , in which the test organism was flooded on heart infusion agar. In each figure the zone of inhibition (no growth of bacteria) around the paper strip containing carbenicillin or BLP 1654 is reduced or obliterated in the vicinity of the neighboring paper strip or disks from which the antagonizing antibiotic is diffusing.
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The production of P-lactamase (E.C. 5.1.2.6) by E. coli and P. rettgeri in the absence and presence of various inducers is shown in Table II . Although 6-aminopenicillanic acid was the best inducer of j8-lactamase in both organisms when benzylpenicillin was used as substrate, no activity was detected when carbenicillin was used as substrate. When whole bacteria (rather than crude enzyme) were incubated with carbenicillin alone or with carbenicillin and cephaloridine or 6-aminopenicillanic acid (at optimal antagonistic concentrations, as in Figs. 1-3) , there was no accelerated inactivation of carbenicillin when cephaloridine or 6-aminopenicillanic acid was also present (Fig. 5) .
Additional evidence that the production of p-lactamase in P. rettgeri is inducible is shown in Fig. 6 . Note that the inducing concentration of 6-aminopenicillanic acid (100 pg/ml) was not associated with antagonism of carbenicillin ( Fig. 3) but that lower concentrations (that did not induce P-lactamase synthesis) were antagonistic.
DISCUSSION
The demonstrated antagonism of some penicillins by other penicillins and cephalosporins is remarkable in that only low concentrations of the antagonists produce the phenomenon, i.e., concentrations one-fourth or less of the MIC and, in the most extreme example (Table I) with P. morgani, one-twentieth of the MIC of 6-aminopenicillanic acid will increase the amount of carbenicillin required for inhibition to 64 times its MIC. Possible explanations for the antagonism are: (a) The antagonist induces f8-lactamase which inactivates the more active antibiotic, thus causing an apparent increase in its MIC. (b) The antagonist combines with fi-lactamase, increasing its efficiency (rate of hydrolysis of the antagonized antibiotic), thus leading to an increase in MIC. (c) The antagonist prevents the more active antibiotic from reaching a binding site on the bacterium that is critical for causing the antibiotic effect, without producing the antibiotic action itself. This could be a result of the antagonist attaching either on the key binding site itself, or near it. (d) The antagonist could induce a biological change in the bacterial surface that impeded attachment of the more active antibiotic to its binding site.
The first possibility seems to be excluded by the fact that cephaloridine was not a good inducer of 8-lactamase in E. coli and that 6-aminopenicillanic acid although a good inducer of f-lactamase (with benzylpenicillin as substrate in both E. coli and P. rettgeri) did not lead to increased inactivation of carbenicillin by either whole cells or by cell-free (crude) enzyme preparations from cells exposed to 6-aminopenicillanic acid.
The second possibility seems excluded by the finding that adding 6- FIGURE 6 Effect of growth in 6-aminopenicillanic acid or benzylpenicillin on p-lactamase production by P. rettgeri. Petri dish contains heart infusion agar, 0.5%o (vol/vol) of a stock culture of Micrococcus lutea, and 0.02 /Lg/ml of benzylpenicillin (enough to inhibit the M. lutea but not the P. rettgeri). Small circles of the P. rettgeri were streaked on surface after overnight growth in brain heart infusion broth containing no antibiotic (top), 10 jig 6-aminopenicillanic acid/ml (next circular colony clockwise, at about 2 o'clock), 100 jig 6-aminopenicillanic acid/ml (at 5 o'clock), 1,000 jig benzylpenicillin/ml (at 7 o'clock), or 2,000 jig benzylpenicillin/ml (at 9 o'clock). The would also require radioactive penicillins with sufficient specific activity as for the third possibility.
The biphasic nature of the isobolograms suggests there are at least two critical penicillin binding sites. The one that is probably most susceptible to carbenicillin or BLP 1654 is apparently responsible for the antibacterial activity of these more active antibiotics; it is apparently the one that is blocked by the antagonizing substances. As the concentration of the antagonizing substance is increased (to the right of the peak of the isobols in Figs. 1-3 ) the isobols show an additive effect, indicated by a straight line (9) (10) (11) (Figs. 1 and 2) , or slight synergy, indicated by the modest bowing downward of the portion of the isobol beyond the peak in Fig. 3 (9-11) . The Although some antagonism of penicillins by other penicillins has been reported in the past (20, 21) , the degree was not as great as is described here. The antagonism in those reports was for Enterobacter cloacae (20) and Staphylococcus albus (21) . The possibility that this interpenicillin antagonism, mainly of carbenicillin, may occur in clinical medicine should not be overlooked; some patients receiving carbenicillin for a pseudomonas infection may also be receiving cephaloridine for a concomitant Staphylococcus aureus infection.
